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SUMMARY 
Experiments were planned to study the influence of selection 
upon natural resistance to fowl typhoid in the chicken, and to 
determine something about the genetic nature of differences 
in resistance. 
Using a pathogen of constant virulence and a uniform meth-
od of infection, it was determined that degree of infection in-
fluenced the mortality in unselected chicks. Both total mor-
tality and rate of mortality were increased by the heavier 
doses. 
Four generations of selection for resistance to a standard 
dose of fowl typhoid bacteria resulted in a decided decrease in 
mortality in the selected population. The mortalities observed 
in the chicks of the selected generations, Sl to S4, were respec-
tively 40, 29, 15 and 23 percent. In the un selected (control) 
population the respective mortalities were 90, 93, 86 and 86 per-
cent. The increased mortality in the selected S4 population 
was due to unavoidable chilling of the last two groups of chicks 
tested in that generation. 
A n analysis of the breeding records of the selectedpopula-
tion shows degrees of inbreeding over 30 percent for some of 
the birds of this stock, but so far it is difficult to evaluate 
the part that the inbreeding has played in bringing about the 
increased resistance of the selected stock. 
Reciprocal crosses of selected by unselected birds demon-
strated that the male as well as the female transmits resistance 
to the offspring. These results show that a passive transfer of 
immunity was not a great, if existent, factor in the enhanced 
resistance of the selected progeny. 
Fv F2 and backcross progenies from a parental cross of re-
sistant with highly susceptible unselected birds indicated the 
presence of genetic factors for resistance. 
No evidence was found of a linkage between major factors 
for resistance or susceptibility and the gene for inhibition of 
plumage color (I ), or its allelomorph (i ). Nor was there evi-
dence of major sex-linked factors for resistance. 
With the exception of one cross (selected males with unse-
lected females) significant differences in mortality were not ob-
served between males and females. 
Inherent resistance to fowl typhoid is undoubtedly con-
trolled by multiple factors some of which show dominance or 
partial dominance. Because of the complexities introduced 
by environmental variations and the interrelations of host and 
pathogen, the genetic analysis of resistance to fowl typhoid 
must await the development of inbred lines which react in a 
uniform and reasonably constant manner to infection with this 
bacterium. 
Selection for Resistance to Fowl 
Typhoid in the Chicken with 
Reference to Its Inheritance l 
By W. V. LAlI1BERT AND C. W. KNOX2 
In relation to disease, the idea of constitutional fitness of the 
host has been recognized for a long time, but quite generally 
disregarded experimentally. Previous to Pasteur's demonstra-
tion of the role played by bacteria in some pathological pro-
cesses, the constitution3 was considered by medical men as an 
important factor in disease resistance. After Pasteur's discov-
ery, hO'wever, this concept was largely forgotten, and most of 
the effort of pathologists and bacteriologists in the last half cen-
tury has been directed toward the discovery of microorganisms, 
to a study of their effect upon the host and to the elucidation of 
methods for their suppression and control. 
While this was a natural development because of the great 
possibilities that were offered for the control of disease, the 
pendulum of thought probably swung too far, and the part 
played by the host in disease resistance was largely neglected. 
In recent years, howevcr, there has been a reawakening of inter-
est in the host, and a number of investigations have been under-
taken in an attempt to evaluate more accurately the parts 
played by both constitution and environment in the reaction of 
animals toward pathogenic bacteria. 
In animals there is much empirical evidence on this subject. 
For instance, in most epidemics some animals develop a. severe 
form of the disease, others a mild form, while some appear to 
escape it entirely. Undoubtedly some of these differences are 
traceable to environmental causes, but certainly not all, for un-
der like environment the same facts are observed. 
'Project 251, Iowa Agricultural Experiment Station. Cooperative between the 
Genetics Section and Poultry Husbandry Subsection. 
"Now Poultry Geneticist, U. S. D . A., Beltsville, Md. 
The writers are deeply indebted to Drs. E. W. Lindstrom, R. E. Buchanan, Charles 
Murray and C. H . Werkman for many kind suggestions and valuable criticism; to 
Professors G. W. Snedecor and A. E. Brandt for much help and criticism on the sta-
tistical aspects of the problem and to Dr. R . G. Schott for generous assistance. Also 
to the Bacteriology Department for permission to use much valuable equipment. 
The data in this report represent a portion of the material submitted by the senior 
author to the Graduate Faculty at the University of California in partial satisfaction 
of the requirements for the degree, Doctor of Philosophy. He takes this opportunity 
of expressing his gratitude to Drs. R. E. Clausen, J. R. Beach and the late Dr. W. A. 
Lippincott for helpful advice and criticism. 
3By constitution is meant those combined inborn physiological and morphological 
characters that influence the organism's response to disease-producing agents. 
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The clearest evidence of inherent differences in resistance to 
bacterial disease is found in animals of different taxonomical 
groups, as genera and species. Examples are the greater rel';is-
tance of the fowl to anthrax, and also the observations of Tyz-
zer (38), and Hagedoorn-LaBrand and Hagedoorn (10) showing 
the ordinary mouse (Mus musculus) to be much more resistant 
than the Japanese waltzing mouse (M1tS bactrian'lts) to natural 
epidemics occurring in their laboratories. Often the resistance 
of individuals of one species to the disease of another is so great 
that it is spoken of as a natural immunity. 
Intra-specific differences in disease resistance likewise occur, 
though they are less common and are probably never so great 
as are specific differences. Examples of such intra-specific dif-
ferences in reaction to diseasc are the reputedly greater resis-
tance of the Algerian sheep4 to anthrax (Chaveau, 1) and of thc 
relatively high susceptibility of uncivilized or isolated peoples 
to many of the diseases of civilized races, as tuberculosis 
(Smith, 34 and Ferguson, 6). 
Breed, strain and individual differences in reaction to disease 
also occur. For instance, Wright and Lewis (46) found distinct 
differences in reaction to tuberculosis among inbred lines of 
guinea pigs, and Pritchett (25 ) among inbred strains of mice to 
mouse typhoid. Similar differences have been recorded for 
man. Thus, Pearl (24) reported the history of one family that 
exhibited a pronounced tendency to'ward the development of 
pneumonia, a tendency that, according to Pearl, could not have 
been in any significant degree environmental. 
More critical evidence of genetic differences in resistance to 
disease has been obtained in the last eight years from labora-
tory experiments undertaken primarily to study this ques-
tion. Webster (40 and 41) showed that the r esistance of mice 
to mouse typhoid could be greatly enhanced by selective breed-
ing. Roberts and Card (29) demonstrated a similar fact for 
bacillary white diarrhea in the chick and Lambert and Knox 
(18) for fowl typhoid in the chicken. Irwin (15) observed like 
results toward infection with the Danysz bacillus in the rat, 
Schott (32) to Salnwnella aertrycke infection in the mouse, 
while Cole (2) states that by close selection and breeding, pedi.-
gree lines of rabbits were developed in his laboratory, differing 
widely in their response to infection with Bntcella abo1"tus. 
Frateur (9) proposed a monogenic difference between resis-
tance and susceptibility to avian diphtheria in the fowl. Most 
of the other investigators have not found such simple relations 
and have suggested that multiple factors control inborn resis-
4 Probably the long-legged sheep of northern Africa. According to Lydekker (21) 
these al'e likely highly specialized forms of Ovis aries, the common European sheep. 
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tance and susceptibility to the diseases in question. Several of 
these investigators (Irwin, Schott, and Lambert and Knox) 
have shown that the increased resistance was transmitted 
through the male as 'well as the female. 
Topley (36), as a result of his extensive studies in the 
epidemiology of mouse typhoid, also recognizes the importanre 
of innate factors for resistance, since he states that the average 
resistance of a group of mice may be increased by a process of 
natural selection; namely, by the death of the more susceptible 
members. Much of the other evidence pertaining to this ques-
tion, largely observational or statistical in nature, was reviewed 
by Crew (3 and 4), by Kozelka (16) and by Holmes (14). 
CONCERNING THE POSSIBLE NATURE OF THE MECH-
ANISMS CONTRIBUTING TOWARD GENETIC 
RESISTANCE TO DISEASE 
Ample justification for the conclusion that genetic differences 
in resistance to disease exist is available, but little is known of 
the mechanisms responsible for them. Since the cause is un-
doubtedly not the same in every instance, the defensive ele-
ments concerned may be grouped under the following general 
headings: 
] . Mechanical agents which prevent or hinder the microor-
ganism from penetrating the tissues. 
2. Physiological factors which aid in promptly destroying 
or suppressing the invading organism after it gains entrance 
into the tissues. 
Among the agents preventing bacteria from entering the tis-
sues are purely mechanical factors, the skin and the secretions 
of the mucous membranes. These are of tremendous impor-
tance to all animals in resisting infections, but it seems that 
some individuals are more favorably endowed than are others. 
For instance, according to Melvin and Schroeder (22), the 
Texas fever tick will not grow on some cattle. The zebu, like-
wise, is very resistant to the tick, but this resistance is not en-
tirely mechanical according to Roederer (30) since the proto-
zoon causing the disease is found in the blood of zebus in in-
fected areas. The resistance enjoyed by the zebu is to some ex-
tent, at least, hereditary, the hybrids from crosses of the zebu 
and cattle possessing a high degree of resistance according to 
Mohler and Thompson (23) and others. Holmes (14) pointed 
out that the negro is more resistant to diphtheria than the 
white man and suggested that the greater resistance is possibly 
due to a thicker ectoderm. 
266 
Of the physiological factors influencing resistance, tempera-
ture probably plays some part. Certainly it plays a part in 
widely unrelated groups, but to what extent such differences 
are effective within the species is unknown. 
Another factor of great importance may be the ability of the 
individual quickly to mobilize the phagocytic defenses of the 
body against the invading organism, or in quickly developing 
antibodies. Natural differences in anti-body content and in 
other serological constituents of the tissues have been shown to 
exist. Thus, Rich (26) reported a natural complement de-
ficiency in one strain of guinea pigs, the condition behav-
ing as a simple Mendelian recessive in its inheritance. Perhaps 
the best known case of a genetic variation in the biochemical 
properties of the blood is that of the human blood groups, 
whose inheritance is dependent upon a system of triple allelo-
morphic genes (Snyder, 35). Another well-known case is the 
anemic condition in mice which is associated with dominant 
white spotting (DeAberle, 5). 
Intra-racial differences in the ability of p eople to produce 
diphtheria antitoxin were reported by the Hirszfelds (12 and 
13) and by Rosling (31). These investigators showed clearly 
the importance of the hereditary element, Rosling, in fact, sug-
gesting a monogenic difference as determining the ability or 
the inability to produce antitoxin. 
Finally, it would seem that general physiological factors 
which aid the animal in maintaining a good state of h ealth also 
are important in enabling it to combat bacterial infections. 
THE PROBLEM 
This investigation was undertaken to determine more defin-
itely the part that inborn factors play in resistance to disease. 
The plan of the experiment was to establish, by selection, highly 
resistant and susceptible strains of chickens to fowl typhoid 
(causative agent is Sa~monella gallina1"1l1n) , and later to cross 
these strains in order to determine something about the genetic 
relations of resistance and susceptibility to this disease. During 
the course of the investigation other problems arose and the find-
ings from certain of these problems are incorporated in this re-
port. 
The chicken was chosen because of its prolificacy and because 
of the possible practical aspects of this problem to the poultry 
industry. 
The preliminary data presented in an earlier paper (1928) arc 
included in this report. 
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MATERIAL AND METHODS 
The foundation stock for the experiment consisted of 220 sin-
gle comb White Leghorn chickens weighing between 2 and 3 
pounds. Each bird was infected per os with a massive dose of 
virulent fowl typhoid bacteria, S. gallinaru1n. A total of 105 of 
these birds, or 47.7 percent, died. (See Lambert and Knox, 19.) 
The survivors of this group that had shown the least clinical re-
action were chosen as the breeding stock in 1927. The founda-
tion stock came from the Poultry Subsection of the Iowa Agri-
cultural Experiment Station, from a flock in which fowl typhoid 
was not endemic. The control stock used in subsequent phases 
of the experiment was obtained from the same source. 
The original culture of S. gallinar'U1n was furnished by Dr. 
Chm'les Murray of the Iowa State College Veterinary Division 
in 1926. Since that time the writers have used this culture. 
The practice during each test season5 was to reisolate the organ-
isms every third week from unselected (control) birds dying 
of fowl typhoid on the third or fourth day after infection. Be-
tween test seasons the organism was given passage through 
chicks approximately once every three months, while just pre-
ceding each test season it was given two successive passages. 
The cultures reisolated from dead chicks were plated and single 
colonies were picked off and checked on sugar media before 
being used in further experiments. After being checked, cul-
tures from four or five chicks were pooled, and these were used 
for the followin g three inoculations. In this manner the 01'-
, ganism was kept in a high state of virulence. 
Beginning with the hatching season of 1927 all chicks were 
infected intra peritoneally with a standard dose of the organ-
ism on the seventh day after hatching. Each chick received 
a dose of 12x106 bacteria suspended in 0.5 cc. of physiologic 
saline solution. In preparing the inoculum the practice was to 
wash off the growth contained on several lS-hour veal infu-
sion agar slants with physiologic saline solution. The suspen-
sion from the several tubes was pooled, and from the pooled 
suspension a small sample was drawn and the number of organ-
isms in this was determined by means of the Petroff-Hauser 
counting chamber.6 The necessary dilution of the stock solution 
to obtain the required number of organisms per chick was then 
made. Injections were made as soon as possible after the prep · 
aration of the inoculum, this interval never exceeding 4 hours. 
"The test season included most of the months of April, May and June of each year. 
6During 1930 the Gates nephelometer was used in determining the number of bac-
teria in the inoculum. The readings by the two methods were standardized by plate 
counts, and by counts on the Petroff-Hauser chamber of standard nephelometer read· 
ings. 
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The cultures were grown on veal infusion agar slants and incu-
bated at 37° C. 
Every effort was made to keep the environment of the chicks 
uniform. All chicks were reared in small electric brooders, each 
brooder accommodating from 25 to 35 chicks. Oncc each day 
the chicks were fed a good chick mash containing eod-liver oil ; 
and this ration remained constant throughout the experiment. 
The mortality was recorded once each day, and observations 
were continued over a period of 3 weeks following inoculation. 
EXPERIMENT AL TECHNIQUE 
MORTALITY FOLLOWING THE INJECTION OF VARYING 
NUMBERS OF BACTERIA 
An important consideration in an experiment of this sort is 
the influence of degree of infection upon the resistance of the 
host. One of the first steps, therefore, was to determine the 
effect of injecting varying numbers of bacteria. Given a con-
stant virulence of the infecting organism it was anticipated that 
mortality would depend upon the number of bacteria injected, 
and upon the level of resistence of the host. 
To determine the above relationships White Leghorn chicks 
from an unselected flock were divided into five groups. In 
each group all chicks were infected with the same number of 
bacteria, but the different groups received markedly different 
dosages. The largest dose contained 109 organisms and the four 
smaller doses were obtained by successive dilutions (1 part of 
the suspension to 9 parts of saline solution) of the suspension 
containing 109 organisms. The four smaller doses contained. 
therefore, 108 , 107 , 106 and 105 bacteria, respectively. Some of 
the control chicks received an inoculation of 0.5 cc. of sterile 
physiologic saline solution while others received no injection. 
All injections were intraperitoneal. 
TABLE 1. PERCENTAGE MORTALITY IN UNSELECTED WHITE LEGHORN 
CHICKS AS INFLUENCED BY THE NU MBER OF BACTERIA INJECTED. 
Dose No. of chicks No. of chicks Percentage 
injected dyingt mortality 
10' 122 118 97 
10' 145 120 83 
10' 141 114 81 
10' 144 92 64 
10' 144 84 58 
Control* 118 12 10 
*Seventy-five animals of the control senes received 0.5 ce. of stenle physiologlcal salme solu-
tion intraperitoneally. 
tMorta lity considered from the first to twenty-first days. inclusive. 
269 
100~§S;:::::=-----------------1 
BO 
\) 
Z 
> 
><;0 
O! 
::J 
If) 
w 
\) 
4: 
1-40 
Z 
W 
U 
O! 
W 
0. 
DOSAGE" 
~ loq 
~ 10 8 
__ 10 7 
---0- 10· 
lO S 
2.0 
OL-__ i-__ -L __ -L __ ~~--L---~---L--~--~~--~~ 
o 2. 4 (, B 10 12. 14 1(, 18 lO Z2 
DAY:; AFTE.R INOCULATION 
Fig 1. The rate of mortality as influenced by the injeetion of various numbers of 
S. gallinarum. 
The results of this experiment, which involved five separate 
trials, are shown in table 1. It is apparent from the results that 
total mortality is affected by the number of bacteria injected. 
Tests for independence between the different doses were calcu-
lated by the method of R. A. Fisher (8). According to this cri-
terion differences noted between the doses of 109 and 108, and 
between the doses 107 and lOG would not be expected from ran-
dom sampling vvhile the observed differences between the doses 
108 and 107, and for the doses 106 and 105 are not statistically 
significant. Between the lowest dose (105 ) and the control 
group the result is again highly significant. 
Rate of mortality for each group is shown in fig. 1. The 
greater the number of bacteria inj ected the more rapid was the 
resulting mortality. Possibly this is a toxic effect from the re-
lease of endotoxins following the lysis of the bacteria. This 
effect was most apparent for the largest dose. Similar observa-
tions upon rate of mortality and total mortality were made by 
Lockhart (20), Wilson (42) and by Schott (32) for S . aert1-ycke 
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infection in mice and by Irwin (15) in rats after infection with 
Danysz bacilli. 
As a result of the experiments just described the number of 
organisms for the standard dose was set at 12x106. While some 
variation obviously occurred in the standard dose from trial to 
trial, it would not seem, in view of the previously mentioned 
results, that such variability could have been responsible for 
any great differences in mortality from trial to trial through-
out the experiment. Further consideration is given to this 
question in a later section of this bulletin. 
THE VIRULENCE OF THE ORGANISM 
An extremely important consideration in an experiment of 
this sort is that the virulence of the organism remain constant, 
for if the virulence were changin g no critical measurement of 
differences in resistance of the host would be possible. To avoid 
any possible diminution of virulence in the strain of S. 
gallinantm, the policy has been to reisolate the organism at inter-
vals of 20 to 25 days from chicks dying on the third or fourth 
day following infection. The freshly isolated cultures were the 
source of the organism for the next three or four injections, the 
culture being carried during the interim on veal infusion agar 
slants at 20° C. In this way no culture was used more than 3 
or 4 weeks after it had been isolated from the natural host. 
During 1927, 1928 and 1929 a record was kept of the time the 
organism had been kept upon artificial media (veal infusion 
agar), in its relation to mortality in the unselected (control) 
chicks used in the experiment. The combined results from all 
such tests during the 3-year period are given in table II. 
lt is obvious that, within the limits used, the virulence of the 
organism did not change due to its cultivation upon artificial 
media. While it might appear that there was a slight drop in 
virulence with increasing age of the organism in vitro, none of 
the differences observed within one breed is statistically signi-
ficant. 
TABLE II. MORTALITY IN UNSELECTED CHICKS AS INFLUENCED BY THE AGE 
OF THE INFECTIVE ORGANISM UPON ARTIFICIAL MEDIA. THE STAND-
ARD DOSE. 12 x 10'. WAS USED FROM TRIAL TO TRIAL. 
Age of organ- White White White Rhode 
ism on arti- Leghorn Plymo"th R ock Wyandotte Island Red 
ficial media ------------------------(days) No. Percent No. Percent No. Percent No. Percent 
in- mor- in- mor- in- mor- in- mar-
fected tality fected tality fected tality fected tality 
------------------
<10 129 90 21 81 14 86 64 100 
<20 337 89 90 79 85 98 40 100 
<30 150 84 - - - - 105 97 
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TABLE III. MORTALITY IN UNSELECTED CHICKS FOLLOWING THE INJECTION 
OF THE STANDARD DOSE OF S. GALLINARUM. THE TABULA-
TIONS ARE LISTED SEPARATELY BY YEARS AND BY BREEDS. 
White White White Rhode 
Leghorn Plymouth Rock Wyandotte Island Red 
Year 
No. in- Percent No. in- Percent No. in- Percent No. in- Percent 
fected dead fected dead fected dead fected dead 
1927 405 89 80 82 - - 104 98 
1928 145 89 - - - - 105 99 
1929 66 79 31 71 99 96 - -
1930 69 87 48 83 37 89 - -
The virulence of the organism from year to year, likewise, re-
mained constant. To check this point the resulting mortali-
ties for each breed in the control stock were tabulated and 
listed separately for each of the four years of the experiment. 
These data are shown in table III. 
None of the differences noted was significant, so it would ap-
pear that the strain of S. gallinan~m retained a reasonably con-
stant virulence from year to year; at least in so far as the mor-
talities observed for the control stocks furnish a criterion of 
virulence. 
VARIATION IN THE CONTROL POPULATIONS FOLLOWING THE 
INJECTION OF THE STANDARD DOSE 
Having established that the virulence of the infective organ-
ism remained reasonably constant throughout the experiment, 
the next problem was to determine whether the variability in 
mortality following the injection of the standard dose was 
within the limits that would arise from the errors of sampling. 
A method of analyzing a set of observations involving proba-
bilities to determine the type of its distribution, when the ob-
servations are expressed in percentage, has been developed by 
Professors Snedecor and Brandt of Iowa State College. The 
plan represents a modification of the method of Lexis, as pre-
sented by Rietz (27). 
The completion of this method of analysis is proposed by A. 
Fisher (7). L2 when multiplied by N, the number of subsam-
pIes or separate observations, gives x2 • The x2 test for homo-
geneity with the resulting value of P (probability), furnishes 
an idea as to whether the observed variation in percentage dy· 
ing may be attributed to random sampling . . 
During the four years' progress of this experiment, from 
1927 to 1930, inclusive, 1,189 control chicks from four different 
breeds were infected with the standard dose of S. galUna.r1lm. 
The type of dispersion, the resulting probability and the data 
from which the calculations were made are shown for each 
breed in table IV. 
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TABLE IV. TESTS FOR THE TYPE OF DISPERSION OF MORTALITIES WITHIN 
EACH OF THE BREEDS USED IN THE CONTROL 
SERIES OF THE EXPERIMENT. 
No. of Maximum range 
Breed Total no. subsets of mortality ob- L x' P 
infected (N) served (percent) 
------
White Leghorn 685 17 67- 100 1.92 63.24 <.01 
Rhode Island 
Red 209 7 96- 100 0.85 5.96 .43 
White Plymouth 
Rock 159 5 71- 84 0.64 2 . 02 .67 
White 
Wyandotte 136 6 86- 100 1.03 6.18 .29 
The dispersion of mortalities observed in three of the breeds, 
Rhode Island Red, White Plymouth Rock and White Wyan-
dotte, is well within the limits expected from chance. In the 
White Leghorns, however, the variation noted from trial to 
trial (from 67 to 100 percent) is greater than would be ex-
pected as a result of random sampling. 
Several causes may have been responsible in part for the 
greater variability observed in the White Leghorns. In the 
first place, more subgroups were tested in the Leghorns than in 
the other breeds, thus allowing greater opportunity for the in-
fluence of environmental factors, both before hatching and fol-
lowing the date of infection. 
Another possible source of variation might have arisen from 
differences in the genotypes of the parents of the control stock. 
Pairs of birds differ markedly in their ability to transmit rrsis-
tance to their progeny, and it is possible that a higher percen-
tage of the chicks in some groups came from parents transmit-
ting a better complex of factors for resistance. In the writers' 
opinion this undoubtedly accounts for some of the dispersion in 
mortality observed in the control stocks. Other investigators 
(Roberts, 28 and Wilson, 44) have noted similar fluctuations. 
Wilson, furthermore, bas advanced evidence to show that the 
variations in his stocks were not caused by changes in dosage 
or in virulence of the bacteria. Rather, he believes the varia-
tions were due to fluctuations in the resistance of the mice, both 
environmental and inherent in nature. 
THE SPECIFICITY OF MORTALITY 
It would be highly desirable in such an experiment to make a 
careful bacteriological examination of all chicks dying after 
infection with S. gallinan~m. Such an examination should help 
to rule out deaths due to causes other than those arising from 
the action of the pathogen. While it was impossible to examine 
all of the chicks dying, a sufficiently large number was exam-
ined to show that S. gallina1'um can be recovered from practi-
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TABLE V. THE RESULTS OF BACTERIOLOGICAL EXAMINATION OF CHICKS 
DEAD AFTER INJECTION WITH VIRULENT CULTURES OF S. GALLINARUM. 
R esults of Stock Interv!ll following inoculation (days) 
examination examined ----------------~---
2 3 4 5 6 7 8 910 11 12 1314 1516 17 18 1920 21 
------
--
---------- -
Positive Selected 3 611 1624 1614 10 911 5 6 6 6 5 6 5 4 4 6 
Unselected 3 7 713 4 4 4 2 - 1 2 1 1 - 3 2 2 2 1 -
Negative All stocks 1 1 3 1 1 
cally all chicks dying from the first to the twenty-first days 
after infection. A summary of these observations is s.hown in 
table V. 
From these examinations it is apparent, beyond a doubt, that 
death in most cases was due to the pathogen. It is also probable 
that the organism could have been isolated in most of the nega-
tive cases had more extensive culturing of the organs of these 
chicks been made. It must be emphasized, however, that other 
specific and non-specific causes may have been responsible for 
some of the deaths, since mortalities ranging from 5 to 10 per-
cent sometimes occur in groups of young chicks during the sec-
ond to fifth weeks of brooding. 
THE EFFECT OF SELECTION UPON RESISTANCE 
At the outset of the experiment it was believed that individ-
uals surviving an acute attack of fowl typhoid possessed a high 
natural resistance to this disease. Consequently, only individ-
uals that were survivors of the infection were kept as breeding 
stock, although one other criterion of selection was used 
throughout; namely, that of the resistance of the progeny of 
given pairs of birds to the infection. Thus, all breeding birds 
were not only survivors, but they came from families in which 
a high percentage of the offspring survived. 
The results of four years of continued selection on this basis 
are shown in table VI, in comparison with the results obtained 
upon chicks from an unselected population. The most pro-
nounced effect of selection was observed in the Sl or first se-
lected generation,7 the mortality for this generation being 40 
percent as compared with 90 percent in the unselected popula-
tion, the latter representing the foundation stock from which 
the SI generation came. Further decreases in the percentage 
mortality of the selected population were observed in the S2 
and S3 generations, the r espective mortalities in these genera-
tions being 29 and 15 percent, compared with 93 and 86 per-
cent in the unselected groups tested concurrently. In the S4 
7The chicks from backcrosses of the best males and females from one generation 
to their progeny or to near relatives were included in the next succeeding geneL·ation. 
This classification was adopted because of simplicity. The number of such matings 
was never great in anyone generation. 
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TABLE VI. RESULTS OF FOUR GENERATIONS OF SELECTION FOR RESISTANCE 
TO FOWL TYPHOID IN THE CHICKEN. 
Selec ted stock Unselected stock' 
Genera- Average Average 
tion Total no. No. Percent interval Total no. No. Percent in terval 
injected dead dead to death injected dead dead to death (days) (days) 
--- ------
SI 472 188 40 11. 6 589 528 90 7.2 
S2 256 75 29 9.4 250 233 93 4.9 
S3 254 39 15 9.4 196 169 86 5.1 
S4 532 121 23 7.1 154 133 86 4.8 
'All breeds combined. 
generation a further increase in the r esistance of the selected 
population was not obtained. 
The reason, however, for the decreased resistance in the S4 
generation is an environmental one. When the last two groups 
of chicks in the selected population of the S4 generation were 
in test the electric fuses in the building burned out and those 
chicks were badly chilled. The mortalities observed in these 
two lots were 58 and 61 percent, while the average mortality 
of the other five groups in the S4 generation was 15 percent 
(see fig. 3). 
But if the mortality of the last two groups in the S4 popula-
tion were omitted, as it obviously should be for a fair compari-
son, there would still be only a slight decrease in mortality from 
the S3 to the S4 generation, namely 0.4 percent. It would seem 
from these results that selection was losing its effectiveness in 
bringing about a further increase in inherent resistance. No 
obvious reason for this can be suggested, though it would be 
expected that the greatest effects of selection would be ob-
served in the first few generations if multiple factors govern 
resistance and susceptibility to this disease. One other point 
is worthy of consideration in this connection; namely, that 
after mortality in the selected population has decreased to a 
certain point, an increase of deaths from non-specific causes in 
some one generation could easily obscure a further increase in 
resistance resulting from continued selection. 
The results of tests for significance of the differences noted 
between various generations of the selected stock are shown in 
TABLE VII. TESTS FOR SIGNIFICANCE OF DIFFERENCE BETWEEN OBSERVED 
MORTALITIES IN THE VARIOUS GENERATIONS OF THE SELECTED 
POPULATION. 
Generations Observed difference x' P 
compared. in mortality (%) 
SI and S2 11 7.98 < 0.01 
S2 and S3 14 14 .29 <0.01 
S3 and S4 8 5.79 0.02 
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table VII. The differences between the Sl and S2, and the S2 
and S3 generations may be considered statistically significant 
since the respective probabilities are less than 0.01. The proba-
bility for the difference between the S3 and S4 generations is 
0.02. While this difference is statistically significant, it arose 
as a result of chilling of two groups of chicks in the S4 genera-
tion, and does not represent an inherent decrease of resistance 
in this generation. No significant differences were noted in the 
mortality of the unselected stocks during the four years, thus 
clearly indicating that a decrease jn the virulence of the in-
fecting organism was not responsible for the increased resis-
tance of the selected stock. 
The rate of mortality of the birds in the different selected 
generations is shown in fig. 2, compared with the observed mor-
tality rate of the control populations tested concurrently. In 
each generation there was a decided difference between the 
control and the selected populations in the speed of mortality 
observed; the control populations showed a much faster rate of 
40 
\J 
2 
~ 20 
> Q! 
=> 
51 
~ 0~z---7~----~10~-'174---7.16'-~ll 
53 
00=-----------------------, 
52. 
54 
lO 
°Z~--~&--~I~O--~14~--~16--~ZZ °Z~--~~----~--~--~16~~ll-
DAY:; AFTER INOCULATION 
-- RE.':>15TA)..lT - COr-JTR.OL 
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mortality as well as a much greater total mortality. The heav-
iest mortality in the control chicks occurred between the third 
and eighth days, while in the selected stock but little morta1ity 
was usually observed before the fifth day after injection. In 
general the mortality in the selected stocks continued over a 
longer period, but little mortality was observed in them after 
the sixteenth day. The control birds apparently developed an 
acute form of the disease from which few recovered, while the 
selected chicks developed sub-acute infections from which a 
large majority of them recovered. 
Some mortality occurred in both the selected and control 
populations after the twenty-first day of infection, but since it 
was impracticable to hold the birds under uniform conditions 
more than 21 days this mortality has been disregarded. It 
should be mentioned, however, that observation over a period 
of 21 days after infection was less favorable to the selected 
than to the unselected groups. Since a much greater percen-
tage of the chicks of the selected population was surviving 
after the eighth day of infection this would allow for more 
deaths from other specific or non-specific causes among them. 
Tests for the type of dispersion of mortalities observed from 
trial to trial in the various generations of the selected popula-
tion are shown in table VIII, and the average mortality ob-
served at each test period in the different generations is shown 
graphically in fig. 3. The dispersion of mortalities observed in 
the Sl generation is well within the limits that might be ex-
pected from random sampling, while in both the S2 and S3 
generations the observed range of mortalities was greater than 
would be expected. Since the vitality of young chicks is so 
greatly influenced by adverse environmental conditions, which 
in turn reflect themselves in a higher mortality, it is likely that 
the high mortalities observed in a few of the S2 and S3 genera-
tion groups were largely due to such unfavorable circum-
stances. In fact, direct evidence for this conclusion is at hand. 
In 1928 the group of chicks showing the highest mortality, 43 
percent, was a relatively weak group. The hatchability of the 
TABLE VIII. TESTS FOR THE TYPE OF DISPERSION OF MORTALITIES OB-
SERVED FROM TRIAL TO TRIAL IN THE SEVERAL GENERATIONS OF THE 
SELECTED POPULATION. ALL CHICKS WERE INJECTED WITH A 
STANDARD DOSE OF S. GALLINARUM. 
Total no. No. of Range of observed L x' P 
Generation of chicks separate mortalities 
injected trials (percent) 
------
Sl 472 8 35-53 0.93 6.88 .44 
S2 256 6 17-45 1.67 16.92 <. 01 
S3 254 5 6-28 1.50 11.28 . 02 
84 532 7 8-61 3.20 67.52 <. 01 
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Fig. 3. Showing the observed mortalities in the control and selected (resistant) 
populations from trial to trial during the four g€>r'erations. The broken line repre-
sents the control series and the solid line the resistant series. 
lot of eggs from which these chicks came was poor, showing 
that unfavorable conditions existed during incubation. And 
the chicks that did hatch were relatively weak, with the result 
that a larger percentage of them succumbed following infec-
tion. The control chicks used in this test were hatched in an-
other incubator and were in good condition; and, as may be 
seen from fig. 3, the mortality in the latter group was compara-
tively low. 
The range of mortalities in the S4 generation, if the last two 
groups which were chilled are omitted, is small. This, ob-
viously, accounts for the great dispersion of mortalities in this 
generation. 
Definite causes for variations in resistance from trial to trial 
are not always apparent. Every effort was made to keep the 
environment of both the breeding stock and the young birds 
constant, but this is possible only within limits. In addition to 
environmental causes some variation would arise from differ-
ences in inherent resistance in the chicks tested from time to 
time. In large groups averages should tend to mask the factor 
of inherent resistance, but in small samples such innate differ-
ences might playa considerable part in causing the observed 
fluctuations in resistance from trial to trial. 
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VARIATION IN THE RESISTANCE OF PROGENY FROM 
DIFFERENT SIRES 
One of the most striking facts to be observed in the selected 
population is that males differ greatly in their ability to trans-
mit resistance to their offspring. During the experiment it 
was the practice to mate each male with several females, us-
ually from 8 to 12 females being placed in each breeding pen 
at the beginning of the hatching season, although offspring 
were not secured from all females due to infertility and poor 
hatchability. Selection was based, as far as possible, upon the 
progeny record of given pairs of birds, but more consideration 
was given to the progeny record of the male because of the 
larger number of offspring obtained from the sire . . Obviously, 
. this introduced some error but since the progeny of one male 
came from several females this would tend to equalize the con-
tribution of the dams for the various sires. Had it been possi-
ble to hatch each year over a longer period more emphasis 
would have been placed on the progeny record of each dam. 
The mortality observed for the progeny ()of each male in the 
different generations is shown graphically in fig. 4. It is ap-
parent that the effect of continued selection for resistance was 
to bring about a greater uniformity of resistance in the progeny 
of the different sires. In the Sl and S2 generations marked 
differences between sires were observed. The range of mortality 
was greater in the S2 than in the Sl generation but since the Sl 
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Fig. 4. Showing the observed mortality for each sire during the several genera-
tions of the experiment. Each male was mated with several females. 
279 
TABLE IX. THE OBSERVED MORTALITY FOR EACH SIRE DURING THE 
SEVERAL GENERATIONS OF THE EXPERIMENT. 
Genera- No. of Total no. of No. of No. Percentage 
tion sire females in offspring dead mortality 
mating injected 
2139 11 184 97 53 
Sl 2570 10 147 35 24 
2670 11 141 56 40 
2 9 43 15 35 
4 8 51 16 31 
5 8 51 24 47 
S2 7 5 31 3 10 
8 5 26 1 4 
9 6 16 5 31 
10 4 38 11 29 
4 10 36 6 17 
8 13 29 2 7 
9 7 24 1 4 
S3 219 11 43 7 16 
254 7 34 7 21 
272 6 19 4 21 
275 10 42 6 14 
276 5 12 1 8 
A202 12 103 31 . 30 
A203 10 113 17 15 
S4 A205 12 61 17 28 
A207 12 105 24 23 
A210 10 150 32 21 
differences are based upon larger populations (see table IX), 
they are more significant than those observed in the S2 genera-
tion. In the S3 and S4 generations much less variability was 
observed between the several sires used. A slightly greater 
range in the mortality of the progeny of different males oc-
curred in the S3 than in the S4 generation, though the differ-
ence is slight. These results denote a tendency of selection to 
increase the uniformity in resistance of the progeny from sire 
to sire. 
The data upon which fig . 4 is based are shown in table IX. 
In the S2 and S3 generations a smaller number of offspring was 
obtained from each sire. It was believed that a greater number 
of sires would allow for a greater range of selection, a premise 
that appears probable from the data available. Since this plan 
made it necessary to shift males in the middle of the hatching 
season, and then to wait 3 weeks for the fertility of the first 
sires to be dissipated, fewer chicks were obtained from each 
sire in these two generations. After the S3 generation this 
plan was abandoned as more breeding pens were available. In 
the S3 generation two sires were used that are not listed in . 
table IX, but as less than eight offspring were secured from 
each one they were not included in table IX or in fig. 4. 
In the S3 generation three of the sires (4, 8 and 9) were car-
ried over from the S2 generation because their progeny had 
shown high resistance in the 82 generation. In the 83 genera-
tion they were mated to females that were survivors from the 
most resistant matings of the 82 generation, and hence their 
progeny have been included in the 83 matings; this plan made 
possible a simpler classification of the generations. In the S3 
generation the progeny from two of these sires (8 and 9) 
proved very resistant while the progeny from male 4 proved 
but little more resistant than the average of the offspring from 
the younger sires. This agrees with the reaction observed for 
the progeny of sire 4 in the S2 generation, but not for the pro-
geny of male 9. In the S2 generation male 9 produced rela-
tively susceptible progeny while in the S3 generation his off-
spring proved very resistant. The probable explanation for 
this lies in the fact that in the second year 9 was mated with a 
group of females more homozygous for factors for resistance; 
or possibly for genes that favorably complemented his own. 
The above results show the necessity of basing selection upon 
more than the phenotype; that is, merely the ability of an ani-
mal to survive. It also is apparent that a genotype for resis-
tance that will allow an animal to survive a heavy infection 
will not guarantee its ability to transmit high resistance to most 
of its progeny. 
Tests for the type of dispersion of mortality observed from 
sire to sire in the selected population are shown in table X. In 
the Sl and S2 generations the range of mortalities observed is 
greater than would be expected from random sampling, the 
probability being less than .01 in both cases. In the S3 and S4 
generations, however, the differences fall clearly within the 
limits that would be expected from chance, the r espective 
probabilities being .72 and .56. This 'would seem to substan-
tiate the previous conclusion that selection tended to increase 
the genetic uniformity of the selected population. 
TABLE X . TESTS FOR THE TYPE OF DISPERSION OF MORTALITY OBSERVED 
FROM SIRE TO SIRE IN THE DIFFERENT GENERATIONS 
OF THE SELECTED POPULATION. 
Total no. T otal no. Range of mortalities 
Generation of cbicks of sires observed L x' P 
injected used (percent) 
------
SI 472 3 24-53 2.56 19 .66 < .01 
S2 256 9 4-47 1. 72 26.56 <.01 
S3 254 10 4-21 0.88 6.23 .72 
S4 532 5 15-30 0.77 2.96 .56 
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INBREEDING IN THE SELECTED POPULATION IN 
RELATION TO RESISTANCE 
In a small population where few individuals from outside 
sources are introduced, some inbreeding becomes inevitable 
even though an effort were made to avoid it. Since no new in-
dividuals were brought into this flock after the second (S2) 
generation a considerable increase in the percentage of inbreed-
ing occurred in the S3 and S4 generations. While some of this 
inbreeding was unavoidable a large part of it was intentional. 
As inbl'eeding tends to produce homozygosity in the inbred 
population, this process combined with selection should fix 
more rapidly the genetic factors for resistance to disease. But 
while inbreedipg may bring about homozygosity of desirable 
characteristics, at the same time, unfortunately, it may fix 
characteristics for poor viability, with a resultant decrease in 
resistance to the disease being studied, 
Because of these two possible aspects of the inbreeding sys-
tem it was thought desirable to determine whether the inbreed-
ing in this experiment had resulted in an enhanced or de-
creased resistance of the selected population to the fowl typhoid 
organism. The method developed by Wright (45) was used in 
the analysis. 
The general plan of inbreeding was to mate the sires that 
gave high progeny resistance in one generation to their daugh-
ters in the following year; or in the case of young sires, to 
mate them with their half sisters by outstanding dams. Also. 
dams whose progeny showed high resistance in the first year 
were often retained and mated in their second year to a son, 
or in some cases to a brother or half-brother. In this way the 
inbreeding was based upon a rigid selection for resistance in 
each generation. 
The complete results from the analysis of the breeding rec-
ords are shown in table XI. In the Sl and S2 generations the 
average amount of inbreeding was not great, but in the S3 and 
S4 generations it increased considerably, the coefficient of in-
breeding being well above 30 percent for the progeny from 
some of the pairs of birds. The mortality of the chicks with 
different degrees of inbreeding is listed separately for each 
sire, together with the number of chicks that were present in 
each class (figures in parentheses). In addition, the average 
percentage inbreeding of all chicks from each sire is shown. If 
selection in each generation resulted in the retention of breed-
ing birds more homozygous for resistance than would have been 
retained without selection this figure would be considerably in-
creased. On the other hand, if selection favored the more 
heterozygous animals this coefficient should be proportionately 
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TABLE XI. INBREEDING AND RELATIONSHIP IN RELA TION TO THE VIABILITY 
OF CHICKS' AFTER INFECTION WITH S. GALLINARUM. THE PERCENTAGE 
MORTALITY FOR EACH SIRE FOR THE DIFFERENT DEGREES OF INBREED-
ING IS LISTED IN THE BODY OF THE TABLE, THE FIGURES IN PARENTHESES 
SHOWING THE NUMBER OF CHICKS TESTED FROM EACH SIRE. 
Gen- Percentage Relationship 
era ... Sire Degrees of inhreeding (percent) inbreeding of sire Gv 
tion of all all progeny 
0-10 11-20 21-30 31-40 progeny (percent) 
--
2139 52.7(184) - -- 1.3 51.0 
SI 2570 22.8(136) 44.4 (9) 0.0 (2) 3.1 52.3 
2670 38.5(135) 66.7 (6) - 3.8 52.8 
--
2 36.7 (30) 30.8 (13) 18.3 62.9 
4 44.4 (18) 25.0 (4) 24.1 (29) 16.3 61.5 
5 43.7 (32) 52.6 (19) 6.1 54.5 
S2 7 8.3 (24) 14 .3 (7) 4.5 53.4 
8 4.8 (21) 0.0 (5) 4 .4 51. 7 
9 30.0 (10) 33.3 (6) 8.3 56.0 
10 28.9 (38) - 5.2 52.2 
-- r--
4 0.0 (9) 23.1 (13) 0.0 (1) 23.1 (13) 19.4 63.5 
8 58.8 (17) 11.1 (9) 0.0 (3) 10 .9 56.1 
9 0.0 (4) 0.0 (3) 0.0 (4) 7.7 (13) 24.4 66.5 
219 14.3 (28) 33.3 (9) 0.0 (2) 0.0 (4) 13.6 56.3 
S3 254 33.3 (12) 22.2 (9) 7.7 (13) 18 . 4 60 . 6 
272 - - 21.1 (19) 22.5 58.6 
275 0.0 (12) 11.7 (17) 25.0 (8) 40.0 (5) 16 . 7 59.0 
276 - - 8.3 (12) 23.1 57.7 
277 75.0 (4) 33.3 (3) 100.0 (1) 10.9 54.5 
278 0.0 (5) 0.0 (2) 7.8 55.7 
--
A202 14.3 (7) 27.9 (68) 39.3 (28) 17 . 6 60.1 
A203 14.3 (42) 13.9 (43) 17.8 (28) 15.5 53.1 
S4 A205 28.6 (7) 30.9 (42) 16.7 (12) 18.0 61.1 
A207 25.0 (16) 32.9 (88) 100.0 (1) 13.0 55.0 
A210 18.2 (99) 27.4 (51) 7 . 5 53 . 4 
decreased. As yet no evidence is available as to which of these 
alternatives is correct. 
In the righthand column of table XI the percentage rela-
tionship of each sire to all of his progeny is shown. This figure 
furnishes an estimate of the increase in the number of common 
genes between the sire and his progeny above that expected 
for a non-inbred population, which would be 50 percent. 
As may be seen from the data listed in table XI, it is diffi-
cult to evaluate the influence of the inbreeding upon resistance. 
For some sires the results suggest that inbreeding resulted in a 
greater progeny resistance, while for other sires the opposite 
effect seemed to be true. It is probable that many genetic fac-
tors are concerned in resistance and susceptibility to fowl ty-
phoid, so it may be that a noticeable increase in the uniformity 
of reaction to the pathogen will be apparent only after several 
more generations of inbreeding. Furthermore, it should be 
noted that simple selection alone would be most effective in 
bringing about an increased resistance in the first few genera-
tions. This fact also adds to the difficulty of measuring the role 
of the inbreeding practiced to date upon the resistance of the 
selected stock. A final answer to this question must await the 
results of further experimentation. 
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THE RESULTS OF CROSSING SELECTED WITH 
UNSELECTED STOCK 
It has been shown heretofore that chicks hatching from the 
eggs of parents that survived an acute infection of fowl typhoid 
are much more r esistant to this disease than chicks from an un-
selected flock. Furthermore, it has been demonstrated that 
selection was effective in enhancing this resistance through 
several generations. It may be suggested, however, that causes 
other than inherent resistance have been operative here. Two 
such possibilities would seem to present themselves in the group 
of chicks whose dams had survived the disease. One of these 
is that a certain amount of passive immunity may be transmit-
ted through the yolk and albumen of the egg to the chick. The 
second possibility is that the infection may localize in the 
ovary of the surviving hen, in which case the chick might be 
infected before hatching and thus acquire a greater resistance, 
although there is considerable doubt that the new-born or em-
bryo can develop antibodies (Traum, 37). 
In order to test the possible influence of these factors upon 
the resistance of the selected offspring, two series of matings 
were made in 1928 and 1929. In one series selected males were 
mated to unselected females, and the other series consisted of 
the reciprocal type of mating; namely, selected females with 
unselected males. The results of these matings are shown in 
table XII. . 
Here, as in the selected population, much variation was 
shown in the ability of different sires to transmit resistance to 
their offspring. This fact is shown in table XIII, which gives 
the prog'eny resistance for each sire used in these matings, in 
addition to the results, by colonies, for reciprocal matings. 
Some males apparently have a genotype that insures to their 
progeny a much greater chance of survival than do other sires. 
It is obvious, however, that the females also transmit resistance, 
TABLE XII. THE RESISTANCE OF CHICKS FROM MATINGS OF SELECTED WITH 
UNSELECTED STOCK TO A STANDARD INFECTION WITH S. GALLINARUM. 
THE RESULTS FURNISH NEGATIVE EVIDENCE RELATIVE TO THE 
PASSIVE TRANSFER OF IMMUNITY. 
Direction of Year of Total no. Tota l no. Percentage 
the cross observation of chicks 
inj ected dead 
mortality 
Selected cJ cJ x 1927 201 126 63 
Unselected If'i' 1928 207 133 64 
Total 408 259 63 
Unselected cJ cJ x 1928 45 26 58 
Selected ~'f 1929 91 43 47 
Total 136 69 51 
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TABLE XIII. THE MORTALITY OBSERVED FOR EACH COLONY MATING IN 
THE CROSSES OF SELECTED WITH UNSELECTED STOCK. ONE 
MALE WAS MATED IN MOST CASES WITH SEVERAL FEMALES 
Direction of the Total no. of No. of No. Percent 
cross Sire females in chicks dead dead 
mating injected 
2524 13 201 126 63 
2 5 45 21 47 
4 2 30 20 67 
5 4 21 19 90 
Selected rJ' rJ' x 7 2 11 11 100 
Unselected n 8 2 9 7 78 
9 5 28 21 75 
· 10 5 60 32 £:3 
2570 1 3 2 67 
Selected J'i! x 100 6 21 12 57 
Unselect :) rJ' 471 5 24 14 58 
493 11 91 43 47 
for if one considers the results by separate pairs of birds within 
one mating, he finds that soine pairs produce far more resis-
tant offspring than others. For example, among the offspring 
of male 2524 (see table XIII) one f emale had 25 offspring in 
test of which only 6 died, while another had 21 offspring in 
test of which 21 died. This represents the most extreme varia-
tion observed (numbers considered), but others almost as ex-
treme occurred in several of the colonies. 
The progeny from selected males mated with unselected fe-
males furnishes negative evidence relative to the possible pas-
sive transfer of immunity. In mammals it has been shown by 
Smith (33) and others that acquired immunity is not transmit-
ted from the sire to the offspring. While this has not been 
demonstrated in the bird, so far as the writers are aware, 
there would appear, as in mammals, to be no mechanism for 
such transfer since the only contribution of the sire to his off-
spring is through the spermatozoon. 
From the matings of selected females with unselected males, 
the results, as shown in table XII, are also about intermediate 
between those of the selected (both parents surviving ) and the 
unselected populations for the years 1928 and 1929. The mor-
tality observed for the three matings of this kind was 51 per-
cent. While these results suggest that females contribute more 
resistance to their progeny than do males, (the value of P for 
this difference being slightly less than .01 ) , the evidence is 
less striking when one considers the r esults by separate col-
onies. As shown in table XIII, the mortalities in the three 
colony matings ranged from 47 to 58 percent, while in the r e-
ciprocal type of mating one colony gave a mortality of 47 per-
cent. When the progeny resistance is considered for individual 
pairs of birds it becomes more certain that the female does not 
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transmit a greater resistance to her progeny than the male, for 
there is much overlapping of results in the two types of mat-
ings. Finally, it should be noted that the selected females used 
in these crosses represent an additional generation of selection 
for resistance. 
Tests for the significance of differences in mortality between 
the Fl animals (from selected by unselected) with both the un-
selected and selected populations show that the differences ob-
served would not have arisen from random sampling; the value 
of P in every case was much less than .01. 
The rate of mortality observed in the hybrids was inter-
mediate between that of the unselected and selected popula-
tions as shown in fig. 5. The reciprocal hybrids showed about 
the same rate of mortality, thus indicating that the same gen-
eral reaction to the infection occurred in both groups. The 
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Fig. 5. The mortality rates observed in the control and selected (resistant) popu-
lations compared with that observed in their reciprocal hybrids. The un selected 
(control) curve is based upon the 1927 obsel'vations and the selected cu rve upon the 
combined data for 1928 and 1929. 
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curve shown for the unselected population is that observed on 
the birds tested in 1927, while the curve for the selected group 
is based upon the combined data for 1927 and 1928. 
Relative to the chick acquiring an immunity before hatching 
as a result of infection through the ovaries of the dam, the 
evidence is also negative. While some of the surviving hens do 
remain carriers of the bacterium, evidence has been obtained 
to show that the chicks from carriers are not more resistant 
than those from non-carrier hens. Thus, the mortality of 129 
chicks from carrier hens was 44 percent and among 366 chicks 
from non-carrier hens 40 percent.s 
Had either of the above factors been the major determinant 
of resistance in the selected progeny it is difficult to see why 
continued selection for resistance would have been so effective. 
ON THE INHERITANCE OF RESISTANCE 
One of the objectives of the experiment, as originally 
planned, was to determine, in part at least, the mode of inheri-
tance of resistance and susceptibility to fowl typhoid. It soon 
became obvious, however, that any critical analysis of the 
genetic nature of resistance and susceptibility must await the 
development of inbred lines possessing a higher resistance, and 
in which the individuals reacted in a more uniform way, than 
were available at the time. Nevertheless, some experiments 
were begun in 1929, after two generations of selection, which 
it was believed might throw some light on the genetic nature 
of resistance to this pathogen. 
Selected birds from the S2 generation were mated with 
Rhode Island Red birds, a breed that had proven highly sus-
ceptible to the disease. The offspring from this cross were sub-
mitted to the infection and surviving Fl birds were retained to 
be used as the parents of an F 2 and backcross generation in 
1930.9 The mortalities for the Fv F2 and backcross generation 
progenies are shown in table XIV. The F 2 population came 
from 1 Fl male mated with seven Fl females and the backcross 
population from 2 Fl males mated with 10 and 6 Rhode Island 
Red females, respectively. 
While the number of matings lipon which these data are 
based is small the results show that the Rhode Island Red fowls 
introduced factors for susceptibility that lowered the resistance 
of the progeny of the F 1 birds, although the F 1 birds were 
themselves survivors of the infection. And as the backcross 
progeny proved more susceptible than the F 2 generation pro-
8These studies~ made by the sen ior autho r at the University of California, were pub-
lished in more detail in another paper (Lambert, 17). 
°Since the Fl birds were survivors the F2 and backcross progenies obviously repre-
sent some selection for resistance. Matings to untested F t birds were not made. 
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TABLE XIV. RESULTS IN THE Fl, F, AND BACKCROSS GENERATIONS FROM 
PARENTAL MATINGS CONSISTING OF SELECTED WITH UNSELECT-
ED RHODE ISLAND REDS. THE RHODE ISLAND RED 
STOCK HAD PROVEN HIGHLY SUSCEPTIBLE 
TO THE INFECTION. 
Generation No. of offspring No. Percent A verage interval 
injected dead dead to death (days) 
Fll 164 93 57 7 . 1 
F, 179 129 72 7.1 
Backcross1 178 172 97 5.3 
1 Data from reciprocal crosses. 
'Parents consisted of Fl rJ rJ x Rhode Island Red !/!/. 
geny the results suggest that the greater the concentration of 
the genes possessed by this particular Rhode Island Red strain, 
the greater was the susceptibility. On the other hand, the se-
lected parent stock transmitted a sufficient concentration of 
factors for resistance to the Fl offspring to enable 43 percent 
of them to survive the infection. These results indicate that 
the inheritance of resistance and susceptibility is dependent 
upon the interaction of a number of genes, but they furnish lit-
tle information concerning their interrelations. 
Rate of mortality as judged from the average days to death 
(table XIV) was practically the same for the Fl and F\ genera-
tions, while in the backcross population it more nearly ap-
proached that of the Rhode Island Red fowls. The average time 
to death after infection of 206 control Rhode Island Red chicks 
was 4.7 days. 
The F 2 population furnished some additional negative evi-
dence as to the role played by a passive transfer of immunity. 
Since the Fl birds, male and female alike, were survivors, it 
would be expected, if a passive transfer of immunity were the 
major determinant of resistance of the offspring, that the F 2 
descendants of these birds would have shown a high r esistance. 
On the contrary, they showed a relatively high susceptibility, 
72 percent, thus indicating that a passive transfer of immunity 
through the eggs of the dam played a minor, if any, role in the 
resistance of the progeny. 
The above crosses also furnish evidence that no major factors 
governing resistance are linked with the genes determining 
dominant white as contrasted with colored plumage (I and i) . 
The parental White Leghorn strain introduced the factors for 
resistance and white plumage color (I), while the Rhode Island 
Red birds introduced the genes for susceptibility and colored 
plumage (i). Gene I is an inhibitor of pigment and dominant 
over its allelomorph, i, which when homozygous gives rise to 
colored progeny providing the basic color genes are also' 
present. 
288 
TABLE XV. INDEPENDENT ASSORTMENT OF THE ALLELOMORPHIC GENES I 
AND i FROM ANY MAJOR GENES GOVERNING RESISTANCE AND 
SUSCEPTIBILITY TO DISEASE. GENE I CAME INTO THE 
CROSS FROM THE RESISTANT PARENTAL 
STRAIN (WHITE LEGHORN) AND i 
FROM THE SUSCEPTIBLE STRAIN 
(RHODE ISLAND RED) . 
Generations 
Genes 
concerned F, Backcross 1 
I (I or i White) No. chicks observed 120 89 
No. expected 134 89 
Total no. dead 85 85 
Percent dead 71 95 
A verage days to death 7.3 5.3 
No. chicks observed 59 89 
ii No. expected 45 89 
(Red) Total no. dead 44 87 
Percent dead 75 98 
A verage days to death 6.8 5.2 
'F, 00 x Rhode Island Red ~I'. 
If a close linkage existed between factor I and a major gene 
for resistance, it would be expected that the white birds in the 
F2 and backcross populations would show a significantly higher 
resistance than the chicks with pigmented plumage. As is 
shown in t3,ble XV this was not the case. Although there is a 
slight advantage in resistance for the white chicks this differ-
ence is not a significant one. Nor was there any appreciable 
difference in the rate of mortality in the two groups. The aver-
age interval to death for the white chicks was 7.3 days while 
in the colored chicks it was 6.8 days. The results in the back-
cross population likewise fail to show any evidence of a linkage 
between the genes described above. 
Evidence was also obtained during the experiment indicating 
that none of the major factors governing resistance are sex-
linked. In 1928 and 1929, as previously described, crosses were 
made between selected and unselected stock. The sex was 
noted of all infected offspring from these crosses that died. As 
the female has the XY pair of chromosomes in poultry, recipro-
cal crosses would not give identical results if there were major 
sex-linked factors for resistance. From the cross of selected 
males with unselected females all progeny, male and female 
alike, should show equal resistance. The reciprocal cross, on 
the other hand, should produce more resistant males than fe-
males. The data shown in table XVI do not bear out these con-
tentions. 
The mortality observed in the male progeny from seleeten 
males mated with unselected females was 75 percent, and in the 
female progeny 51. The expectation in this case was for equal 
mortality in both sexes. This is a significant difference, but no 
reasons for it are apparent. 
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In the reciprocal cross, which should furnish evidence as to 
the possible sex-linkage of any factors for resistance, the mor-
talities observed for males and females were, respectively, 54 
and 58 percent. A slightly greater mortality occurred in fe-
males than males but the difference is not significant. Nor was 
there an appreciable aifference in the rate of mortality in t he 
two sexes, the average interval to death for males being 7.6 
days and for females 7.4 days. 
These data furnish rather definite evidence that no major 
genetic factors for resistance to S. gallinarum infection are 
carried on two of the chromosome pairs of the fowl. This is 
not surprising, however, since the chomosome number for the 
thicken is large. 
THE COMPARATIVE RESISTANCE OF MALES AND 
FEMALES 
In 1928 and 1929 the sex was noted for all chicks dying in 
the 21-day interval after injection. This made it possible to de-
termine whether any difference in susceptibility existed be-
tween males and females. The results of these examinations 
are shown in table XVI. 
In the unselected stocks and in the chicks from crosses of 
selected females with unselected males the mortality obseryed 
for males and females was nearly the same. In the selected 
stocks and in the progeny from matings of selected males w ith 
unselected females, on the contrary, a much higher mortality 
was observed in the males than in the females. In the last t wo 
cases the mortality also continued over a longer period, as is 
indicated by the average interval to death. 
Applying Fisher's (8) t est for independence of the mol' ali-
ties observed between males and females in the last two groups, 
it. was found that only one of the differences was clearly sig-
nificant; namely, for the chicks from the matings of selec ted 
TABLE XVI. A COMPARISON OF THE MORTALITY FOR MALES AND FEMA LES 
WHE N INFECTED WITH A STANDARD DOSE OF S. GALLINARUM_ 
THE FIGURES ARE THE COMBINED DATA FOR 1928 AND 1929. 
Males Females 
-----
-I Parentage of No. in- Average No. in- Ave rage 
chicks jected No. Per- interval jected No. Per- inte rval 
and dead cent to d eath and dead cent to death 
sexed dead (days) sexed dead (day.) 
--
----
U nselected a a x I"i' 212 186 88 5.7 239 212 89 5 .6 
(All breeds) 
U nselected 0 a x 35 19 54 7.6 41 24 58 7.4 
Selected I"i' 
6. 9 Selected a a x 107 80 75 7.6 99 51 51 
U nselected 'i''i' 
8. 8 Selected a a x 'i''i' 242 69 28 9.9 271 54 20 
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males with unselected females. The observed difference in 
mortality between the sexes of the chicks from the selected 
males with selected females gave a P of .04. 
No reasons for the greater susceptibility of males in the last 
two crosses are apparent. Taken alone these data might indi-
cate that young females possess greater vitality than males, but 
the data from the other crosses do not support such a conclu-
sion. The results show, however, that sex linked factors for 
resistance were not responsible. 
DISCUSSION 
A genetic analysis of disease resistance presents many diffi-
culties that are not encountered in the study of other quantita-
tive characters. Perhaps the greatest of these difficulties lies 
in the establishment of definite criteria of resistance. While 
mortality probably furnishes the best index it, obviously, does 
not help one to determine the various sub-lethal degrees of in-
fection which take place in the surviving population. Wilson 
(43) seriously doubts that it is possible to divide mice into dis-
tinct categories of resistant and susceptible on the basis of a 
single test, as Webster (39) has done; for in long continued 
epidemics of mouse typhoid in Wilson's laboratory it was found 
that almost every mouse whose fate could be definitely estab-
lished did eventually succumb to the infection. H e does not 
doubt that mice vary in resistance to S. aertrycke infection, but 
does not believe this resistance is ever absolute. With the lat-
ter conclusion the writers are in agreement, but they believe 
that with fowl typhoid, at least, it is possible to divide the 
progenies of pairs of birds into reasonably distinct categories 
of high and low resistance. Of course, this implies that a con-
siderable number of progeny of any pair be infected under 
similar environmental conditions. This is an approch that Wil-
son did not consider, as he knew nothing of the pedigrees of the 
st ocks used in his studies. Furthermore, it has been possible 
by this method to increase markedly the resistance of the se-
lected population to fowl typhoid. 
While plenty of evidence has been brought forward in the 
last decade to show that it is possible by selection to build up 
highly disease-resistant types of animals, there is one serious 
difficulty which may prevent the use of this method on a prac-
ticable scale. This difficulty would seem to be in getting the 
selected animals to breed true for the resistance in question. It 
is very probable, as most investigators of disease resistance have 
concluded, that the gcnetic nature of resistance to most dis-
eases is complex, depending upon multiple factors for its ex· 
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pression. Nothing is known of the interaction of these factors, 
but it is probable that few, if any, animals contain all of the re-
sistant genes. The problem, then, would appear to be one of 
selecting animals homozygous for the desirable combination 
of resistant factors . . 
If all genes affecting resistance should happBn to be cumula-
tive in their action, simple mass selection would continue to 
increase homozygosity bnt at an ever decreasing rate as the 
genes for susceptibility became rarer. The rate of production 
of such homozygous resistant types would also be decreased 
due to the probability that animals heterozygous for some of 
the resistant genes likely would have a sufficiently high poten-
tial of resistance to allow for their survival after infection; 
and with few symptoms of the disease. Inbreeding combined 
with continued selection would permit a much more rapid ap-
proach to homozygosity. 
It is unlikely, however, that all of the genes affecting resis-
tance are cumulative in their action. Probably a few of them, 
at least, interact with other genes in such a way that they in-
crease resistance in some combinations and decrease it in other 
combinations. Such genes, although affecting resistance, could 
not be classified as genes for resistance or as genes for suscep-
tibility, since their net effects would depend upon the combina-
tion of genes associated with them. Selection for resistance 
would favor them in some genotypes and would work against 
them in other genotypes. 
If there is much complex interaction of this sort, simple mass 
selection, no matter how long continued, would never succeed 
in establishing races homozygous for high resistance. Here, 
also, inbreeding combined with continued selection would be 
necessary to bring about much increase in homozygosity beyond 
that accomplished by the first few generations of selection. 
Hence, regardless of whether the gencs affecting resistance 
interact in a simple cumulative ·way or in very complicated 
ways, the only solution of the problem of producing homo-
zygous resistant strains of animals would seem to be in com-
Lining inbreeding with selection. Tn the first-mentioned case 
inbreeding would speed. up the approach to homozygosis; in 
the latter case it would be indispensable. The selection would 
continually eliminate the susceptible types and the inbreeding 
would eventually isolate strains each homozygous for some 
genotype containing the neressary resistant genes in combina-
tion with other desirable factors. 
Some evidence of this kind already exists, but it is found 
only in the plant kingdom (Hayes, 11 and others) where self-
fertilization, the closest form of inbreeding, is possible. It is 
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within such highly inbred species that naturally disease-resis-
tant lines have been found to exist. It is probable that during 
the evolutionary history of these plants most of the diseases 
now common to them have been present for centuries. General 
epidemics of these diseases have undoubtedly occurred from 
time to time, and only those plants possessing a high natural 
resistance survived. Thus, such resistant plants have formed 
the nucleus from generation to generation of the strains now 
existing. With inbreeding producing homozygous types and 
with natural infections eliminating all susceptible plants, the 
result has been the gradual evolution of strains pure for resis-
tance to a given pathogen. The speed of development of such 
lines, naturally, depended upon the number of genetic factors 
concerned in resistance, upon the amount of cross-fertilization 
taking place, and upon the frequency and severity of the in-
fections. 
In the higher animals little inbreeding normally is practiced 
with the r esult that the heterozygous types remain in about the 
same proportions from generation to generation. As a result 
homozygous types have not been produced, and, accordingly, 
true-breeding disease resistant types of animals do not exist. 
The same process of selection of resistant individuals during 
epidemics of disease has undoubtedly been going on but the 
survivors were no doubt heterozygous for many of the resis-
tant ge-nes. Their progeny as a whole would be somewhat more 
resistant than the individuals of preceding generations, but 
still would be highly heterozygous. If the disease had occurred 
every year in severe form races having a relatively high but not 
entirely true-breeding resistance might have been produced. 
That such a tendency has existed is shown by the fact that iso-
lated races are much more susceptible to diseases of civilized 
man than are the people of a region in which such diseases have 
been endemic for centuries. Support for these contentions may 
be drawn from the plant kingdom, for true-breeding disease re-
sistant strains do not exist in naturally open-pollinated species 
of plants. Here the conditions are analogous to those encoun-
tered in animals. 
While four generations of selection combined with some in-
breeding has resulted in a marked increase in the r esistance of 
the birds used in this experiment, there is still much inherent 
variability in the stock. To eliminate most of this genetic 
variability in reaction to the pathogen, several more genera-
tions of selection combined with close inbr(leding will prohably 
be necessary. At the present time the experiment is being 
conducted on that basis, for it would seem to be the only logical 
method of solving the problem. Although the inbreeding in-
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troduces the complexity of perhaps fixing undesirable physio-
logical characters, which might in turn bring about a lowered 
resistance, it is hoped to obviate this difficulty by a rigid selec-
tion for resistance as well as for such other characteristics as 
high fertility and 'hatchability, 
One other vital problem presents itself, namely, that of varia-
tion in bacterial virulence. Clear-cut evidence exists ("Wilson, 
43 and others) that cultures of animal pathogens often consist 
of several strains, some of high and others of low virulence. 
While Wilson was able to show that most cultures of 
S. aeTtrycke fall into four groups, largely recognized by their 
colonial morphology but also by other tests, it is probable that 
variants may occur in many bacterial colonies unrecognizable 
by any known tests. If such variants occur inbred lines of the 
host reacting in a definite manner to certain pathogens might 
prove invaluable in detecting and measuring such changes in 
virulence. In self-fertilized, and hence highly homozygous, 
species of plants instances of this kind are on record. One in-
bred line may prove entirely resistant to one physiological form 
of .an organism while it may be highly susceptible to a second 
form. Such inbred lines have helped to make possible a cl'iti-
cal analysis of variation in the pathogen and of the interrela-
tions of host and pathogen. In animals this problem remains 
untouched and definite results may have to await the develop-
ment of good inbred lines of laboratory animals. It is probable, 
also, that clean-cut genetic differences in disease resistance in 
animals must await the development of such resistant and sus-
ceptible inbred lines. 
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